Abstract-This paper proposes an 18-step back-to-back voltage source converter using four sets of 3-Level converter module with auxiliary circuit to increase the number of steps. The proposed BTB voltage source converter has an independent control capability of active power and reactive power at the interconnected ac system. The operational feasibility of proposed system was verified through computer simulations with PSCAD/EMTDC software. The feasibility of hardware implementation was verified through experimental results with a scaled hardware model. The proposed BTB converter can be widely applied for interconnecting the renewable energy source to the power grid. 
Various methods have been already developed to increase the number of steps in the output voltage waveform of the multi-step converter [1, 2] . The simplest method is to increase the number of bridges and the number of coupling transformers. However, this method has a weak point of large size and high cost due to the increased number of bridges and transformers.
A method to insert auxiliary transformers between the main transformer and the bridge was proposed to complement the weak point, instead of increasing the number of main transformers [3] . However, this method also has a weak point that the auxiliary transformer is very difficult to build because of complicated connection structure.
In order to solve the weak point of the above method, a method to insert an auxiliary circuit in the DC link side was proposed by several researchers [4] . The auxiliary circuit, which consists of a mid-tap transformer and a full-bridge inverter, generates three-level step that is superposed to the DC capacitor voltage for reducing the harmonic level of output voltage. However, the mid-tap transformer for superposing the output waveform has bigger size and lower performance due to the inaccuracy of mid tap point.
The authors already proposed a 36-step BTB converter which consists of a 3-level half-bridge inverter and a normal transformer, replacing the full-bridge inverter and the mid-tap transformer [5] . However, the 36-step BTB converter requires four units of main transformer and two units of auxiliary transformers at the sending end and the receiving end, respectively. This paper proposes an 18-step BTB voltage source convert er using four sets of 3-level converter module with auxiliary ci rcuit to increase the number of steps. The proposed BTB volta ge source converter has an independent control capability of ac tive power and reactive power at the interconnected ac system. Fig. 1 shows a basic configuration of 18-step converter with a pulse interleaving circuit, which was introduced in [6] . This converter consists of a main transformer and a 3-level voltage source converter with an auxiliary circuit that is composed of a 3-level half-bridge and a single-phase transformer. The voltages across upper part and lower part of 3-level converter are sum of the DC capacitor voltage v dc /2 and the injected voltage through the transformer v aux as described in equation (1) and (2) .
II. PROPOSED BACK-TO-BACK CONVERTER
The AC output voltage of converter can be regulated by controlling the injected voltage v aux , which is determined by the switching pattern and the turn ratio of injection transformer. So, the injected voltage V aux has three values of 0, kV dc /2, -kV dc /2. Since the auxiliary 3-level half-bridge operates in periodic manner at every 120°, it generates a pulse train with a frequency 3 times 60Hz. The turn ratio of transformer k should be determined to minimize the harmonic level of output voltage. The turn ratio of auxiliary transformer should be optimized because the magnitude of injected voltage affects the harmonic level of output voltage.
The Fourier series analysis for the waveform shown in Fig.  2 (e) can be represented by equation (3) [7] .
Where, the magnitude of each harmonic component can be represented by equation (4) .
The 5 th harmonic is a major component that affects the output waveform of inverter. So, n was substituted by 5 in equation (4), and the values of β 0 and β 1 was set by 20° respectively. The value of k was obtained by 0.574 to make equation (4) equal to zero.
III. BACK-TO-BACK OPERATION
The BTB converter can be utilized to interconnect two AC power systems with a different power frequency, and a large-scale wind power farm with AC power system as shown in Fig 3. The BTB converter can control the power flow from one AC system to another and the reactive power at both AC systems [8, 9] .
The BTB converter operated in PWM mode can control the active and reactive power independently by adjusting the modulation index and the firing angle. However, the BTB converter operated in multi-step mode can not control the active and reactive power independently because the modulation index is fixed. 
The relationship of δ with respect to α 1 and α 2 , and the relationship of V C with respect to α 1 and α 2 can be expressed as the following equations, assuming that the maximum voltage of V C is equal to 1.15 time V S .
The upper and lower firing angle α 1 and α 2 can be expressed as the following equations, combining the above (7) and (8) .
In the circuit diagram of Fig. 6 (a) the active and reactive power can be represented as the following equations.
Combining the above (11) and (12) and using the root formula of second order equations, two equations to obtain the V C and δ can be derived.
Therefore, the value of α 1 and α 2 can be determined for the given P and Q, inserting the value of V C and δ obtained from (13) and (14) into (9) and (10). Table 1 shows the value of V C and δ with respect to P and Q, when the line-to-line voltage is assumed to be 220V and the coupling inductance is assumed to be 10% at the base rating of 10KVA. Fig. 6 shows the variation of α 1 and α 2 with respect to P as a function of Q. As the reactive power shifts from the inductive to capacitive value, the values of α 1 and α 2 go close to 0 o axis.
IV. SIMULATION
The application feasibility of proposed BTB converter for HVDC system was verified using computer simulation with PSCAD/EMTDC software. The power circuit is modeled using circuit elements, switches, and transformers, while the controller is modeled using built-in control modules. The circuit parameter used in simulations is shown in Table 2 . The BTB converter can change the direction of power flow by changing the terminal voltage of each converter using firing angle control. The control scheme of each converter is determined by setting the direction of power flow. When the power is transmitted from the system A to B, the converter A performs constant DC voltage control and reactive power control, while the converter B performs the active and reactive power control. When the power is transmitted from the system B to A, the opposite control scheme is selected. Therefore, the controller for each converter has identical configuration as shown in Fig. 7 . When the converter A transmits a real power to the converter B, the measured value of DC voltage v dc follows the reference value v dc *. The reference value of active current I dA * is obtained from the measured value of active current I dB in the converter B. The measured value of reactive current I qA and active current I dB follow the reference value I qA * and I dB * through control algorithm. The AC current controller has same configuration as used in normal controller for converter. The reference values of d-q transformed AC system voltage v dA * and v qA * are used to determine the value of V C and δ. The values of α 1 and α 2 are obtained from V C and δ using the relationship described in equation (9) and (10). Table 3 shows the simulation scenario that was used in the operation analysis of proposed BTB converter. The controller starts operation after 0.5s when the simulation starts. It is assumed that the direction of power flow is from system A to B between 0.5s and 3.0s, and it is suddenly changed from system B to A at 3.0s. In order to analyze the control performance of active and reactive power, the reference values of active and reactive power are changed according to each operation mode from M1 to M5. Fig. 8 shows the simulation results obtained to confirm whole system operation. Since the control structure of system A is exactly same as that of system B, all the control parameters have same values with opposite sign. Fig. 8(a) and 8(b) shows the variations of converter power angle δ, upper firing-angle α 1 , and lower firing-angle α 2 . The values of α 1 and α 2 are corresponding to those shown in Fig. 6 and the values of δ are corresponding to those in Table 1 . Fig. 8(c) and 8(d) shows the variations of each converter output voltage and superposed output voltage. Fig. 8(e) shows the control performance of DC link voltage. The DC link voltage is initially charged with 350V for the convenient of simulation, so that the BTB converter could start to operate at 0.5s. The measured value of DC link voltage tracks the reference value of 350V without severe transients. Fig. 8(f) shows variation of active and reactive powers transmitted from the AC system A to the converter A, which confirms the active and reactive powers to the system A can be controlled independently. Fig. 8(g) shows variation of active and reactive powers transmitted from the converter B to the AC system B. The active power has same value as in Fig. 8(f) , while the reactive power has different value. This confirms that the BTB converter has independent control capability for the active and reactive powers at both terminals. 
V. HARDWARE EXPERIMENT
A scaled model for the proposed BTB converter was built and tested to confirm the feasibility of hardware implementation as shown in Fig. 9 . The hardware system consists of source simulator and two 18-step converter. The experimental parameters of scaled model were shown in Table  4 . The control board is composed of a main board and an extension board. The main processor is a 32-bit floating-point DSP(TMS320vc33) from TI(Texas Instrument). PWM pulse generation was implemented by EPLD (EP1K50QC208) from ALTERA. Same EPLD was used in the extension board to implement PWM pulse generation. The experimental scenario of scaled model was shown in Table 5 , in which ten operational modes were considered to confirm the independent control of active and reactive power. Fig. 10 shows the experimental results when the active and reactive power changes according to the scenario. Fig. 10(a) shows the active and reactive power of each side converter. This confirms that the BTB converter has independent control capability for the active and reactive powers at both terminals. The proposed BTB voltage source converter has an independent control capability of active power and reactive power at the interconnected ac system. The operational feasibility of proposed system was verified through computer simulations with PSCAD/EMTDC software.
The feasibility of hardware implementation was verified through experimental results with a scaled hardware model. The proposed converter would have smaller size and lower cost than the previously developed system and can be widely applied for interconnecting two AC power systems with a different power frequency and large-scale wind power farm with AC power system. 
